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The unloading behavior was compared for three diﬀer-
ent steel grades: a dual-phase steel, a transformation-
induced plasticity steel, and a twinning-induced plas-
ticity steel. Steels that harden by phase transformation
or deformation twinning exhibited a smaller component
of microplastic strain during unloading and a smaller
reduction in the chord modulus compared to the con-
ventional hardening steel. As a result, unloading is clo-
ser to pure elastic unloading when the TRIP eﬀect or
TWIP eﬀect is active.
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When steels are deformed in uniaxial tension and then
unloaded, the total recovered strain is greater than what
is predicted by linear (and nonlinear) elasticity theory.[1–18]
The total unloading strain comprises an elastic compo-
nent, a thermal component related to adiabatic heating,
and an additional strain component that has been
attributed to dislocation relaxation phenomena or
nonhomogeneous deformation in the case of multiphase
steels.[5,6,9,17] As a result of this additional component of
the unloading strain, the relationship between stress and
strain is nonlinear during unloading. Increased defor-
mation (or higher stress in the material) prior to
unloading results in greater deviations from linear
unloading behavior.
If dislocation relaxation phenomena are responsible
for this additional strain component on unloading, then
the additional strain can be called as a microplastic
strain.[8,16] Recently, Kim et al.[16] suggested that the
microplastic component of the unloading strain is
proportional to the amount of strain hardening (i.e.,
increase in ﬂow strength) prior to unloading. They
proposed that the microplastic component of the




1 Kp r r0ð Þ; ½1
where r is the ﬂow strength at the start of unloading,
r0 is the yield strength, M is the Taylor factor, a is an
empirical factor, l is the shear modulus, and K is a
constant less than 1 and relates the mobile dislocation
density to the total dislocation density. Equation [1]
assumes that the total amount of strain hardening is
the result of the increase of dislocation density with
strain and the increased probability of dislocation
interactions with defects and other barriers to disloca-
tion motion and that hardening follows the Kocks–
Mecking hardening rule for polycrystals.[19] However,
in many advanced high strength steels (AHSS), strain
hardening may also occur via phase transformation as
in the case of transformation-induced plasticity (TRIP)
steels or via deformation twinning as in the case of
twinning induced plasticity (TWIP) steels.[20–22] As a
result, if these other strain hardening mechanisms are
active then the increase in ﬂow strength after yielding
(i.e., r r0) can be simply expressed as
r r0 ¼ Drdislocation þ DrTRIP þ DrTWIP; ½2
where Drdislocation, DrTRIP, and DrTWIP represent the
increase in ﬂow strength due to dislocation interactions,
the TRIP eﬀect, and the TWIP eﬀect, respectively. In
Eq. [2], Drdislocation takes the form of the classic Taylor
equation (i.e., Drdislocation ¼ Mal ﬃﬃﬃqp ), and DrTRIP and
DrTWIP are related to the fraction of austenite trans-
formed to martensite or the deformation twin fraction,
respectively, and can be considered a type of dynamic
dispersion strengthening or composite strengthening
eﬀect.[20–22] Transformation and twinning kinetics are
controlled by the chemical composition, the tempera-
ture and strain rate of deformation, the crystallo-
graphic texture, and the deformation mode.[23,24]
Equation [1] assumes that that all of the strain
hardening is attributed to dislocation interactions (i.e.,
r r0 ¼ Drdislocation and DrTRIP ¼ DrTWIP ¼ 0). If the
nonlinear unloading behavior is the result of dislocation
relaxation phenomena as proposed by others,[5,6] then it
can be postulated that the microplastic component of
the unloading strain should decrease when DrTRIP or
DrTWIP are nonzero because Drdislocation, which is related
to the dislocation density, is a smaller fraction of the
total increment of strain hardening ðr r0Þ. This
supposition is investigated by comparing the unloading
behavior of three steels that strain harden via diﬀerent
basic mechanisms—a dual-phase (DP) steel, a TRIP
steel, and a TWIP steel. The DP steel represents strain
hardening by only dislocation interactions (i.e.,
r r0 ¼ Drdislocation), the TRIP steel represents harden-
ing by combined dislocation interactions and the TRIP
eﬀect (i.e., r r0 ¼ Drdislocation þ DrTRIP), and the
TWIP steel represents hardening by combined disloca-
tion interactions and the TWIP eﬀect (i.e.,
r r0 ¼ Drdislocation þ DrTWIP). The application of
Eq. [1] to TRIP or TWIP steels assumes no contribution
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of the TRIP or TWIP strain hardening mechanisms to
the mobile dislocation density and it provides a means
to compare and interpret the unloading behavior and
springback of diﬀerent AHSS grades. Detailed micro-
structural evaluation was outside the scope of the
present work and this investigation provides the ﬁrst
comparison of the nonlinear unloading behavior of
these three important steel grades.
Three diﬀerent sheet steel grades were examined in
this study: a Fe-0.07C-2.2Mn-1.0Si (in wt pct) dual-
phase (DP) steel, a Fe-0.14C-2.0Mn-1.3Al TRIP steel,
and a Fe-0.66C-17.5Mn-1.2Al TWIP steel (source:
POSCO). Uniaxial tensile tests and uniaxial loading–
unloading–loading tests were conducted using standard
size ASTM E8[25] tensile specimens with a 50-mm gage
length. All tests were performed under displacement
control (nominal strain rate of 0.99 104 s1) and at
room temperature. Strain was measured using an
extensometer, and the initial elastic moduli were calcu-
lated by the impulse excitation of vibration method
according to ASTM E1876.[26] In the uniaxial loading–
unloading–loading tests, the forward and reverse cross-
head/actuator displacement rates were equal in magni-
tude. The unloading behavior was compared after
deforming the specimens between an engineering strain
of 1 pct and just before the uniform elongation. Table I
summarizes the engineering strain unloading (i.e., pre-
strain) used for the loading–unloading–loading tests for
each of the steel grades. Two or three tests were
conducted for each level of deformation. Comparisons
between the diﬀerent steel grades were made using the
microplastic component of the unloading strain (emp),
the chord modulus on unloading (Echord), and the
dissipated energy represented by the hysteresis in the
unloading–loading portion of the stress–strain curve.
Figure 1 illustrates these three measures on a loading–
unloading–loading test of the DP steel pre-strained to
7.5 pct and then unloaded and then reloaded. The start
of the unloading curve was deﬁned by the maximum
strain reached in forward deformation prior to the start
of unloading.
Figure 2 shows representative stress–strain curves of
the three steel grades. Table II summarizes the mechan-
ical properties of the DP steel, TRIP steel (initial
austenite fraction of 9 pct), and TWIP steel. The
uncertainty is given by the 95 pct conﬁdence interval
(CI) calculated from the tests. In the case of the TWIP
steel, the uniform elongation exceeded the limits of the
extensometer. All three steels exhibit similar, but not
identical, yield strengths that range between 480 and
540 MPa.
Figure 3 compares the microplastic component of the
unloading strain of the DP, TRIP, and TWIP steels after
uniaxial tensile deformation. For a given increase in ﬂow
strength due to strain hardening (i.e., larger value of
r r0), the DP steel exhibits a greater microplastic
component of unloading strain compared to the TRIP
and TWIP steels. In eﬀect, in steels which exhibit the
TRIP or TWIP eﬀect, the contribution of dislocation
generation and increased dislocation interactions to the
total amount of strain hardening is decreased (i.e., the
total dislocation density required to achieve the same
amount of strengthening is smaller when either DrTRIP
or DrTWIP is nonzero). As a result, the microplastic
component of unloading strain is decreased for equal
values of total strain hardening in the TRIP and TWIP
steels compared to the DP steel.
Equation [1] indicates that the microplastic compo-
nent of strain should be zero when the strain hardening
increment, r r0, is zero but the linear regression of the
data (dashed lines in Figure 3) suggests a nonzero
intercept. The nonzero intercept may be attributed to
Table I. Engineering Strain at Unloading (Pre-strain) Used
for Loading–Unloading–Loading Tests
Steel Engineering Strain at Unloading (pct)
DP 1, 2.5, 5, 7.5, 10, 12
TRIP 1, 2.5, 5, 6.5, 7.5, 8.5, 10, 12, 14
TWIP 5, 25, 40
Fig. 1—Example of the stress–strain behavior during a loading–
unloading–loading test of the DP steel deformed to an engineering
strain of 7.5 pct, unloaded, and then reloaded. The microplastic
component (emp) of the unloading strain, the chord modulus (Echord),
and the hysteresis of the unloading–loading loop are indicated.
Fig. 2—Representative true stress-true strain curves for the DP,
TRIP, and TWIP steels.
METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 46A, JANUARY 2015—19
the use of the macroscopic yield strength for r0, which is
measured after microyielding and deviations from linear
elasticity have already occurred. As a result, some
microplastic component of the unloading strain might
be expected for r r0 ¼ 0 and this behavior near the
macroscopic yield strength strain should be investigated
in the future.
Figure 4 compares the chord modulus of the DP,
TRIP, and TWIP steels after tensile deformation. In
Figure 4, the chord modulus is normalized to the initial
elastic modulus and so a value of Echord/E0 equal to
1 would represent pure linear elastic unloading. Per unit
of strain hardening, the chord modulus of the TRIP and
TWIP steels decreases less than that of the DP steel. The
reduction in the chord modulus of the TRIP and TWIP
steels is smaller because the microplastic component of
unloading strain represents a smaller fraction of the
total unloading strain for the TRIP and TWIP steels
compared to the DP steel (Figure 5).
Figure 6 compares the area of the hysteresis loop
made by the unloading-loading stress–strain curve. The
area of the hysteresis loop represents the dissipated
Table II. Mechanical Properties of DP, TRIP, and TWIP Steels




Elongation (pct) E0 (GPa) Thickness (mm)
DP 540± 2 814± 2 14.0± 0.1 207 1.75
TRIP 500± 5 851± 6 15.6± 0.2 200 1.20
TWIP 480± 3 >1000 >50 183 1.25
a0.2 pct oﬀset method.
Fig. 3—Comparison of the microplastic component of the unloading
strain following uniaxial tensile deformation for (a) the DP, TRIP,
and TWIP steels and (b) expanded to only show the DP and TRIP
steels. Uncertainty is ±95 pct CI.
Fig. 4—Comparison of the reduction in the chord modulus after
uniaxial tensile deformation for (a) the DP, TRIP, and TWIP steels
and (b) expanded to only show the DP and TRIP steels. The dashed
lines are for clarity only and are not intended to suggest any func-
tional relationship for the data. Uncertainty is ±95 pct CI.
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energy of the unloading-loading deformation process
and it has been used to characterize the nonlinear nature
of the unloading–loading behavior of AHSS.[15] Per
increment of strain hardening, more energy is dissipated
in the DP steel compared to the TRIP steel. However,
the DP and TWIP steels exhibit similar amounts of
dissipated energy per increment of strain hardening. The
cause of this similar behavior is unknown, but it may be
related to a detwinning mechanism in the TWIP steel
during unloading and reloading and more investigation
is necessary. Because the fraction of the microplastic
component of unloading strain to the total unloading
strain is smaller in the TRIP steel compared to the DP
steel, the TRIP steel dissipates less energy during the
unloading-loading deformation cycle. These results
again show that when a steel hardens via the TRIP
eﬀect, features of the unloading curve related to the
microplastic strain component and the nonlinearity are
reduced compared to steels that harden only via
dislocation generation and increased dislocation inter-
actions.
In summary, these results indicate that the unloading
behavior, or springback, of AHSS is aﬀected by the
active strain hardening mechanisms. The unloading
behavior following uniaxial tensile deformation of steels
that exhibit the TRIP eﬀect or TWIP eﬀect is closer to
pure elastic unloading when compared to steels of
comparable strength that harden only by conventional
strain hardening means (i.e., increased dislocation den-
sity and dislocation interactions). This investigation
shows that the TRIP and TWIP eﬀects are eﬀective at
reducing the microplastic component of unloading
strain and minimizing the reduction in the chord
modulus on unloading. These results indicate that it
may be possible to modify the unloading behavior (and
springback) of AHSS through careful control of the
structure of the steel. In essence it may be possible to
design a low springback AHSS grade. Such design
requires more investigation of the eﬀects of microstruc-
tural features (e.g., grain size, phase fraction, phase
hardness, etc.) on the unloading behavior and coupling
Fig. 5—Comparison of the contribution of the microplastic compo-
nent of unloading strain to the total unloading strain for (a) the DP,
TRIP, and TWIP steels deformed in uniaxial tension and then un-
loaded and (b) expanded to only show the DP and TRIP steels. The
dashed lines are for clarity only and are not intended to suggest any
functional relationship for the data. Uncertainty is ±95 pct CI.
Fig. 6—Comparison of the dissipated energy during unloading and
reloading following uniaxial tensile deformation for (a) the DP,
TRIP, and TWIP steels and (b) expanded to only show the DP and
TRIP steels. The dashed lines are for clarity only and are not in-
tended to suggest any functional relationship for the data. Uncer-
tainty is ±95 pct CI.
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with appropriate strain hardening models before it is
realized.
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